Vaccines can greatly reduce the spread of and deaths from many infectious diseases. However, many infections have no successful vaccines. Better understanding of the generation of protective CD8 memory T cells by vaccination is essential for the rational design of new vaccines that aim to prime cellular immune responses. Here we demonstrate that the combination of two adjuvants that are currently licensed for use in humans can be used to prime long-lived memory CD8 T cells that protect mice from viral challenge. The universally used adjuvant, aluminum salts, primed long-lived memory CD8 T cells; however, effective cytotoxic T-cell differentiation occurred only in the presence of an additional adjuvant, monophosphoryl lipid A (MPL). MPL-induced IL-6 was required for cytotoxic differentiation. The IL-6 acted by inducing granzyme B production and reducing expression of inhibitory molecule PD1 on the surface of the primed CD8 T cells. CD8 memory T cells generated by antigen delivered with both aluminum salts and MPL provided significant protection from influenza A challenge. These adjuvants could be used in human vaccines to prime protective memory CD8 T cells.
cross-presentation | cytokine | Toll-like receptor | MHC tetramer M ost current vaccines act by generating antibodies that either neutralize or otherwise inactivate the pathogen (1) . However, many diseases, including malaria and tuberculosis, have no effective vaccine (2, 3) . In these cases, a broader immune response encompassing both humoral and cellular immunity could provide increased protection. Memory CD8 T cells that can directly kill infected cells are known to provide protection both in animal models and in humans (4) , and thus are an important cell type for a vaccine to generate. Although much is known about the generation of such memory cells after infection with viruses or bacteria (2, 4) , there is much less appreciation of how to prime protective CD8 memory T cells by vaccination.
Vaccines fall into two categories: those that contain an attenuated or inactivated microorganism and those made up of parts of the pathogen, subunit vaccines. Whereas vaccines in the former category contain both antigen and innate-stimulating components that provide all signals required to activate the immune response, subunit vaccines must be given with an adjuvant to provide an effective stimulatory environment (5) . The only two adjuvants currently licensed for addition to human vaccines in the United States are aluminum salts (alum) and monophosphoryl lipid A (MPL). Alum has been used for many years to enhance antibody responses. The generation of CD8 T-cell responses by vaccines containing alum is less well documented, and alum is often considered a poor CD8 T-cell adjuvant (6, 7) , although it has been reported to prime CD8 T cells in vaccinated humans (8, 9) . MPL has been added to alum-containing vaccines by GlaxoSmithKline to boost antibody responses (10, 11) , but has not been used to prime protective CD8 T cells.
We recently demonstrated that antigen-specific CD8 T cells are activated after immunization of mice with protein and alum (12) . In the present study, we examined the properties of memory CD8 T cells activated with antigen delivered with alum in the presence or absence of MPL and determined the signals and cell types required to prime protective memory cells. Memory cells produced in this way are long-lived and protect animals from disease. The addition of MPL enhanced protection by increasing the differentiation of the activated T cells into cytotoxic cells (CTLs), a process that required IL-6 and resulted in the downregulation of the inhibitory molecule PD1 on the surface of the antigen-specific CD8 T cells.
Results
Protein Delivered with Alum Primes Memory Cells via the CrossPresentation Pathway. For a CD8 T cell-mediated vaccine to be successful, memory cells must be generated. We examined the number and phenotype of antigen-specific CD8 T cells that were activated after immunization of C57BL/6 (B6) mice with ovalbumin (OVA) protein and alum, with cells detected using K b / SIINFEKL tetramer (tet) (Fig. S1 ). The activated cells developed into long-lived memory cells expressing molecules associated with effector memory cells (Fig. 1A and Fig. S2 ).
Exogenous antigen must enter the cross-presentation pathway to be presented on MHC class I molecules (13) . CD8α + dendritic cells (DCs) are thought to be the main cell type that can carry out this process. These cells are lacking in mice deficient for Batf3 (14) , and thus we tested whether alum could prime CD8 T cells in deficient animals. To examine CD4 and CD8 T-cell responses, we covalently conjugated a CD4 epitope, 3K peptide, to OVA protein and used IA b /3K and K b /SIINFEKL tets to examine the responses. Whereas CD4 T cells responded equivalently in heterozygous and KO mice, the CD8 T-cell response was greatly reduced in KO mice (Fig. 1B) . This indicates that the CD8 T-cell response to antigen plus alum occurs via cross-presentation by a specialized subset of DCs. cells that have produced mRNA for IL-4. These animals were immunized with 3K-OVA plus alum to examine CD4 and CD8 T-cell responses. Whereas some IA b /3K tet + CD4 T cells were GFP + , K b /SIINFEKL tet + cells were not ( Fig. 2A) . In contrast, CD8 T cells from mice primed with OVA plus alum were able to make the type 1 cytokine IFN-γ (Fig. 2B) . Therefore, CD8 T cells produce a type 1 cytokine response after activation in the presence of alum, whereas CD4 T cells produce a type 2 response.
Alum-Induced PD1 Limits CTL Differentiation. CTLs are associated with protection from infectious diseases both in animal models and in humans (4) . To test the cytotoxic response of CD8 T cells primed with antigen and alum, we injected immunized mice with peptide-pulsed and nonpulsed target cells. These could be distinguished because we had labeled them with different intensities of the fluorescent dye carboxyfluorescein succinimidyl ester (CFSE). Mice primed with OVA in the absence of adjuvant were unable to prime a CTL response, whereas the addition of alum resulted in some specific killing (Fig. 3A) .
Because CTL activity is an important effector CD8 T-cell response, we tested whether this could be improved by providing additional innate stimulation. MPL, which induces inflammatory responses by activating TLR4, has, like alum, been approved for use in human vaccines and enhances antibody responses (11) . The MPL used in these studies was a generic form and thus might not have acted in exactly the same way as that produced by GlaxoSmithKline, the form approved for use in vaccines. T cells primed with OVA plus MPL or a combination of both adjuvants plus OVA had equivalent numbers of activated T cells and IFN-γ-producing cells (Fig. S3) . CTLs in mice primed with OVA plus MPL killed the peptide-pulsed target cells efficiently, whereas alum inhibited this to some extent (Fig. 3A) .
To understand why the addition of MPL enhanced the ability of the CD8 T cells to kill target cells, we examined the expression of various cell surface molecules that can indicate the activation state of T cells. We found that the inhibitory molecule PD1 (16) was expressed at higher levels on T cells primed in the presence of alum, and that MPL reduced its expression (Fig. 3B) . In all cases, PD1 expression declined as the activated cells differentiated into memory cells (Fig. 3C) .
Blocking a ligand of PD1, PDL1, reignites the functions of exhausted T cells (17) . Thus, we tested whether this high PD1 expression inhibited the effector function of the alum-primed cells. Mice immunized with OVA plus alum and treated with anti-PDL1 had similar numbers of antigen-specific cells and IFN-γ-producing cells as immunized mice treated with an isotype control antibody (Fig. S4) . However, anti-PDL1 increased the ability of the T cells to kill targets in vivo (Fig. 3D) .
MPL-Induced IL-6 Is Required to Enhance the CTL Response and Reduce PD1 Expression. Our data suggest that MPL may act to increase the cytotoxic response and reduce T-cell expression of PD1 via the same mechanism. The injection of MPL has been reported to increase the production of IL-6 (10), a cytokine associated with CTL function in vitro (18) . The number of antigen-specific T cells primed in mice deficient in IL-6 was equivalent to that in WT B6 mice, suggesting that IL-6 is not required for T-cell activation (Fig.  S5 ). IL-6 was required for the MPL-induced cytotoxic response in vivo, as demonstrated by the limited ability to kill of T cells from alum plus MPL-immunized IL-6 KO mice (Fig. 4A) . We also examined the expression of the cytotoxic molecule granzyme B to determine whether the activated T cells were able to differentiate into effector cells but were blocked from performing this function. Antigen-specific cells from WT mice immunized in the presence of MPL or anti-PDL1 expressed more granzyme B than those immunized with alum and given isotype control antibody (Fig. 4B ). This demonstrates that MPL-induced effector cell differentiation was inhibited by PD1. However, antigen-specific CD8 T cells from IL-6 KO mice did not increase their expression of granzyme B in response to MPL. This suggests a link between IL-6 production and the down-regulation of PD1 on the T cells primed in the presence of alum plus MPL. Indeed, MPL was unable to down-regulate the expression of PD1 on antigen-specific cells in IL-6 KO mice immunized with OVA delivered with alum plus MPL (Fig. 4C ).
Antigen Delivered with Alum and MPL Protects Mice from Influenza A.
To test whether CD8 T cells primed with antigen and adjuvant(s) could provide protection to an infectious challenge, we primed T cells specific for an influenza A epitope. To do this, we coupled an epitope from the nucleoprotein of influenza A, NP 366-74 (NP), to a protein (OVA or BSA). We chose this approach so that only CD8 T cells, and not CD4 T cells or B cells, were primed against viral antigens, yet CD4 T-cell help, in the shape of CD4 T cells specific for OVA or BSA, was available. Although it is possible that an antibody response to the peptide could develop, it is un- /SIINFEKL tet + cells was determined after immunization. *P < 0.05; **P < 0.01; ***P < 0.001. The data were combined from between one and three experiments with three or four mice per group for each time point. (D) B6 mice immunized with OVA plus alum were given anti-PDL1 or an isotype control antibody on days 0, 3, and 7 and SIINFEKL pulsed and unpulsed CFSElabeled cells on day 7. Two days later, the percentage of CFSE hi / SIINFEKL pulsed cells out of the total CFSE + cells was examined. Each point represents a mouse, and the line indicates the mean value for the group, combined from two experiments.
likely that antibodies to a single epitope within an internal viral protein could provide protection. Thus, the effects of immunization on the course of a subsequent influenza virus infection must be due to the primed CD8 T cells. There are some concerns about the use of OVA, given that soluble OVA can prime a T-cell response after injection of the antigen or of cells incubated with the protein (19, 20) . Therefore, we used either OVA or BSA as carriers. Results with the two carriers were indistinguishable, and so the data with OVA and BSA are combined in the discussion of the experiments that follows.
Mice were primed with the NP/protein and alum, MPL or both adjuvants; control mice received protein alone or the two adjuvants in the absence of antigen. Five to 14 wk later, these animals were infected intranasally with influenza A. Control mice lost a significant amount of weight over the first 8 d, then slowly regained some of this weight. Mice primed with NP/protein with either alum or MPL lost less weight (P < 0.05) but did not regain their starting weight. In contrast, mice primed with NP/protein and both adjuvants lost less weight and quickly regained their starting weight (P = 0 .0002) (Fig. 5A) .
At 4 d after infection, we found NP-specific CD8 T cells in the lungs of mice that had been primed with NP/protein delivered with one or both adjuvants ( Fig. 5B and Fig. S6 ). This early recruitment of memory cells to the lungs correlated with a reduction in viral titers, which was most significant in mice immunized with NP/protein with both adjuvants (Fig. 5C ). This indicates that immunization with antigen and both adjuvants was required to provide the most rapid and protective memory response.
We also examined the response to a second immunodominant influenza A epitope, PA [224] [225] [226] [227] [228] [229] [230] [231] [232] [233] . PA-specific CD8 T cells could be clearly identified on day 8 in the lung (Fig. 5D) . Therefore, although the mice immunized with NP/protein and both adjuvants had reduced disease, they developed a primary response to new antigens, potentially enhancing future protection.
Protection from influenza A infection requires that the T cells be able to mount a CTL response, as demonstrated by the inability of perforin KO mice primed with NP/protein plus alum plus MPL to control influenza infection (Fig. S7) . Therefore, because the addition of MPL to the original vaccination increases CTL differentiation, these memory cells are better equipped to rapidly kill infected cells than are those cells primed with alum alone. To examine why the vaccination was less effective when given with MPL compared with both adjuvants, we examined the number of memory cells present before the challenge. Mice vaccinated with NP/protein with alum and with alum plus MPL had an equivalent number of memory cells, but mice primed with NP/protein plus MPL had significantly fewer memory cells present (Fig. 5E and Fig. S8 ). Thus, our data indicate that both adjuvants are required to generate protective CD8 memory T cells: alum to generate a long-lived population of memory cells, and MPL to induce CTL differentiation.
Discussion
Here we have demonstrated that a CD8 T-cell vaccine in combination with the safe and universally used adjuvant alum protects mice from some of the weight loss associated with influenza infection. Adding MPL to the formulation did not alter the numbers of memory cells generated with alum alone, but did improve protection by increasing the differentiation of CTLs. Although antigen plus MPL alone activated a good primary response and CTL differentiation, these cells were unable to protect mice from influenza, because of the poor survival of the memory cells. This indicates that alum and MPL complement one another; alum provides signals required for the generation of long-lived memory cells, whereas MPL enhances CTL differentiation. How alum acts as an adjuvant to generate adaptive immune responses is controversial (15) . Although some investigators have reported that inflammasome activation by alum is required for antibody responses (21, 22) , we and others have found that T-and B-cell responses are unaffected in alum-primed mice that lack critical components of the inflammasome (12, 23) . Alum causes destabilizaton of endocytic vesicles, allowing coinjected antigens to enter the cytosol (24) . This should allow all antigenpresenting cells (APCs) that phagocytose antigen delivered with alum to present to CD8 T cells. However, CD8α + DCs were required to prime CD8 T cells after immunization with alum, suggesting that the presence of antigen in the cytosol is not sufficient for cross-presentation.
Our data show that at least two types of APCs are needed to activate CD4 and CD8 T cells after immunization with alum: CD8α + DCs and a second APC that primes CD4 T cells even in the absence of the cross-presenting DCs. The identity of this second APC and the signals required for alum to activate it and the CD8α + DCs remain unclear. Alum is known to form an antigen depot that results in antigen presentation of MHC class I peptides for 12-19 d after immunization (25) . Although this presentation may affect the activated T cells, it is unlikely to be required for memory cell generation, because short-term activation of CD8 T cells is sufficient to drive the generation of effective memory cells (26) .
The alum-primed CD8 T cells differentiated into IFN-γ-producing cells, but had only limited cytotoxic potential. Clearly, the signals that induce these two CD8 T-cell effector functions are not always linked (27) . Coinjection of MPL increased granzyme B expression by the alum-primed cells, which in turn increased the cytotoxic response, a process that required IL-6. Currently, how the IL-6 acts and on which cell types it acts are not clear. MPL is known to enhance the production of IL-6 at the injection site when delivered with alum (10) , implying that the IL-6 acts on APCs that migrate from this site to secondary lymphoid organs. However, such cells do not differentiate into the CD8α + DCs required to prime CD8 T cells. Alternatively, IL-6 also may act either on the priming APCs or directly on the activated CD8 T cells. This possibility is supported by the ability of IL-6 to enhance the differentiation of CTLs in vitro (18) .
IL-6 also was required for the down-regulation of PD1 on T cells activated in the presence of alum and MPL. The high expression of PD1 by the alum-primed CD8 T cells led to reduced granzyme B expression, and thus the majority of these cells did not differentiate into cytotoxic cells. Consequently, when the memory cells generated from this response were reactivated by the influenza A infection, they first had to differentiate into CTLs before they could provide protection, possibly explaining why these cells were less protective than those cells primed with both adjuvants.
The influenza nucleoprotein is highly conserved between different strains of influenza A (28), and human CD8 T cells reactive to a number of epitopes within NP respond to a range of viruses (29) (30) (31) . The cross-reactivity of NP-specific CD8 T cells for different stains of influenza A, although not directly examined here, is well known (32, 33) , and such cells have been shown to provide protection from heterosubtypic influenza challenge (34) (35) (36) . Therefore, immunization with NP protein with alum plus MPL will generate cross-reactive CTLs that could provide protection in the majority of individuals to most, if not all, influenza A subtypes-in effect, a universal vaccine. Importantly, such T cells are thought to protect against the worst forms of disease that occur in individuals with no cross-reactive antibody response (37) . Although some previous studies also have found protective influenza-specific CD8 T cells after vaccination, those studies used adjuvants, delivery methods, or viral vectors that have not been used at all or not used as extensively as alum and MPL, which are currently the only adjuvants approved for addition to human vaccines in the United States (34-36, 38) . Importantly, alum-delivered vaccines have been shown to prime IFN-γ-producing CD8 T cells in humans immunized with a hepatitis B vaccine (8, 9) . Therefore, it is conceivable that an alum-containing influenza vaccine could prime CD8 T cells in humans, and that the addition of MPL would make these cells cytotoxic. A vaccine that includes alum and MPL has clear advantages, because both of these adjuvants have an established safety record. Here we have shown why these adjuvants are needed to prime protective and long-lived memory cells, providing information that could be used for the rational development of CD8 T cell-mediated vaccines.
Methods
Mice, Immunizations, and Infections. All animals were handled in strict accordance with good animal practice as defined by the relevant national and/ or local animal welfare bodies, and all animal work was approved by the National Jewish Health Animal Care and Use Committee. Female B6, perforin KO, and IL-6 KO mice were obtained from Jackson Laboratory. B6 IL-4 reporter (4Get) mice were obtained from Dr. R. Locksley (University of California, San Francisco, CA), and Batf3 KO mice were obtained from Ken Murphy (Washington University, St. Louis, MO). Both of these strains were bred at National Jewish Health in a specific pathogen-free environment. Mice were age-matched within experiments and primed at age 6-10 wk, then immunized with 10 μg of OVA protein (Sigma-Aldrich) or OVA-peptide or BSA-peptide conjugates. OVA or BSA proteins were conjugated to either 3K peptide or NP peptide as described previously (12) using maleimideactivated OVA or BSA (Pierce). Peptides were supplied by JPT. All immunizations were given i.p. Mice were injected with 1 mg of alum (Alydrogel; Brenntag) with or without 10 μg of MPL (InvivoGen). Antigens contained ≤6 EU or 1 ng of LPS per injection, as determined by the limulus amebocyte lysate test (Lonza). Proteins were tumbled with alum with or without MPL for 2 h at room temperature before injection. Infections with PR8 were done on mice anesthetized with isofluorane and 50 μL of PBS containing 150 PFU of virus injected intranasally. The virus was prepared as described previously (39) . 3K tet were produced as described previously (40) . Single-cell suspensions were stained with MHC tets at 37°C for 2 h. Antibodies to surface markers were added, and the cells were incubated for a further 20 min at 4°C, except for anti-CCR7, which was also incubated at 37°C for 2 h. Additional information on antibodies used is provided in SI Methods. , respectively. To examine CD8 T cells in the lung, euthanized mice were perfused to remove blood from the lungs. Then one lobe was cut into small pieces and treated with collagenase and DNase before flow staining, as described above.
For analysis of cytokine production by intracellular staining, splenocytes were activated ex vivo with 1 μg/mL of SIINFEKL and 1 μg/mL of Golgi plug (BD) for 6 h. Cells were stained with surface antibodies and then fixed and permeabilized using the BD Cytofix/Cytoperm Kit according to the manufacturer's instructions. Cells were gated on live CD8 + CD4 − B220
− MHCII − cells.
For granzyme B staining, cells were stained with class I tet and surface antibodies, fixed, and permeabilized using the BD Cytofix/Cytoperm Kit, and then stained with anti-human granzyme B (BD) for 40 min. In all cases, two to five million events were collected on a CyAn ADP (Dakocytomation), and data were analyzed using FlowJo version 8.8 (Treestar).
In Vivo Antibody Treatment. Mice were given 200 μg i.p. of anti-PDL1 (10F.9G2; BioXCell) on days 0, 3, and 7. Control antibody was anti-DR5 (HB-151, grown and purified at National Jewish Health), delivered as for anti-PDL1.
In Vivo Killing Assay. A single-cell suspension of B6 splenocytes was prepared, and red cells were lysed. Half of the cells were labeled with 10 μg/mL of SIINFEKL at 37°C for 2 h, then stained with 1 μM CFSE (Molecular Probes) for 7 min at room temperature. The rest of the cells were labeled with 0.05 μM CFSE. After cells were washed, a 1:1 mixture of these cells, a total of 5 × 10 Plaque Assay. One lung lobe from mice infected 4 d earlier was homogenized, and supernatants were frozen until use. Then 1 μg/mL of TPCK trypsin was added to the diluted supernatant, which was plated on confluent MDCK cells. The cells were incubated for 1 h at 37°C, after which the supernatants were removed. Then media containing 1% agar was added, and the plates were again incubated at 37°C. At 48 h later, agar containing neutral red was added. Plaques were counted after a further 24-36 h of incubation at 37°C.
Statistics. To test for a significant drop in weight loss after infection, the percent weight loss was calculated for each mouse on each day after infection. The data were graphed, and the area under the curve was calculated for each mouse. Statistical significance was determined by the Student twotailed t test using GraphPad Prism version 4.
